Immobilization of chitosan on modified silica surface has been carried out by aminomethylation (Mannich reaction). The obtained chitosan-silica (CSS) composite was characterized by the Fourier transform infrared spectroscopy, specific surface area and pore diameter. The concentration of chitosan in the composite was determined by the thermogravimetric method. The effects of various parameters, such as pH, contact time, initial concentration of the metal on the adsorption of V(V), Mo(VI) and Cr(VI) oxoanions by the CSS composite were investigated in comparison with the initial components: chitosan, amino-containing silica and silica. The maximum adsorption capacities of composite with respect to V(V) and Mo(VI) oxoanions at pH 2.5 were 1.6 and 1.5 mmol/g, respectively, and 0.5 mmol/g towards Cr(VI) in the neutral medium.
INTRODUCTION
Adsorbents of natural origin are widely used for water treatment to replace the current costly methods of heavy-metals elimination from solutions. To improve the adsorption properties of mineral adsorbents, it is expedient to immobilize the appropriate substances with well-pronounced ion-exchanging and complexing properties onto their surfaces (Bailey et al. 1999; Budnyak et al. 2010 Budnyak et al. , 2011 Gadd 2009; Kolodynska 2011 Kolodynska , 2012 Mittal et al. 2006; Wang et al. 2009 ).
Natural polysaccharide chitosan is of great interest as an organic component in the composites developed for water treatment because of its high quantity of amino and hydroxyl groups, which are very important for adsorption. Moreover, chitosan possesses properties such as good biocompatibility, high adhesion to the surface, a wide range of pH stability as well as exhibiting chelating properties. Chitosan is an effective bioadsorbent of some toxic ions, dyes and organic contaminants (Budnyak et al. 2013; Grini 2005; Guibal et al. 1998) . Silicas are characterized by advanced surface stability in the acidic medium and highly developed surface, acceptable kinetics, thermal stability, resistance to microbial attack and low cost. Recent studies in this field have shown that composites of silica and chitosan (Repo et al. 2011; Varma et al. 2004 ) can be used for extraction and concentration of toxic metals from solutions. Budnyak et al. (2014a) have shown that chitosan immobilized on the surface of silica and natural minerals had a high adsorption activity towards Cr(VI), Mo(VI) and V(V) oxoanions, and lower activity towards cations such as Cu(II), Cd(II), Pb(II) and Fe(III). The obtained composites are characterized by a high degree of adsorption with respect to oxoanions and considerable adsorption *Author to whom all correspondence should be addressed. E-mail: tetyanabudnyak@yahoo.com (T.M. Budnyak). capacity. This fact can be explained by modification of mineral surface by amino groups of chitosan, which are able to protonate in the acidic medium. Various methods of preparation of hybrid materials based on inorganic materials and polysaccharides such as chitin and chitosan for different applications have been studied (Ganji and Abdekhodaie 2008; Kavitha et al. 2013; Pab et al. 2004; Puchol et al. 2009; Spirk et al. 2013; Zhou et al. 2015) . Copelloa et al. (2011) described a method for obtaining chitin and chitosan hybrid mesoporous composites for removal of dyes from natural waters and industrial effluents. Podust et al. (2014) described the adsorption of chitosan on nanosilicas (SiO 2 , TiO 2 /SiO 2 and Al 2 O 3 /SiO 2 ). Preparation of the chitosan/silica nanocomposite was carried out by Zou et al. (2008) who obtained a hybrid adsorbent that was subsequently used in high-performance liquid chromatography. The chromatographic results showed that the obtained hybrid chitosan/silica adsorbent and chitosan encapsulated in silica gel have similar properties according to the separation efficiency. However, there is a need for systematic investigations of adsorption properties of chitosan-silica (CSS) composites, especially to study the effect of nature and pH of solutions and to determine achievable values of adsorption capacity. The synthesis of the chitosan-silica nanocomposite and an evaluation of the adsorption properties of the synthesized material with respect to vanadium(V), molybdenum(VI) and chromium(VI) oxoanions have been studied in this work.
EXPERIMENTAL ANALYSIS 2.1. Materials
The following were used in our experiments: chitosan (Sigma Aldrich; molecular weight from 190,000 to 370,000 Da, degree of deacetylation, not less than 75% and solubility 10 mg/ml), fumed silica (specific surface area 175 m 2 /g) was obtained from State Enterprise Kalush Test Experimental Plant of Institute of Surface Chemistry of National Academy of Sciences of Ukraine. All other chemicals purchased from Sigma Aldrich were of reagent grade.
Methods
Covalent binding of modifying polymer was carried out in three steps. In the beginning, macroparticles of silica were obtained from fumed silica. About 280 g of fumed silica was mixed with 1 dm 3 of distilled water for 2 hours. The substance obtained was dried at room temperature for 3 days, followed by heating at 150 °C for 6 hours and annealing at 600 °C for 6 hours. Aminosilica was obtained by silica modification with 3-(aminopropyl)triethoxysilane in the toluene medium. The concentration of amino groups on the silica surface was determined by acid-base titration, which was found to be 0.46 mmol/g. In the last step, the composite was synthesized by modification of aminosilica with formaldehyde solution and chitosan solution (3.6 g of chitosan was dissolved in 0.8 dm 3 of 2% acetic acid). The solution was stirred using a magnetic stirrer (MM-5) for 4 hours, washed with distilled water several times and dried at 50 °C.
Partially cross-linked chitosan beads were obtained by applying the technique previously described by Budnyak et al. (2014b) : 2.5 g of chitosan was dissolved in 85 ml of 2% acetic acid and the solution was stirred using the magnetic stirrer MM-5 for 2 hours and allowed to stand for 2 days. The obtained solution was dropwise added into the concentrated ammonia solution. After that, chitosan beads obtained were washed with distilled water several times until neutral pH was achieved. The obtained chitosan beads were placed in 12.5 ml of 0.25% solution of glutaraldehyde in water and heated at 50 °C for 2 hours. This quantity of glutaraldehyde is suitable for crosslinking 5% of accessible amino groups of polymer. The cross-linked chitosan beads were washed with distilled water and dried at 50 °C. by Mannich Reaction Buffer solutions with pH 1.0 were prepared from the following standard titrimetric substances: HCl (pH 2.5 and 5.0), glacial acetic acid (pH 8.0), 17 ml of 1M acetic acid and 5 ml of 25% ammonia solution with addition of up to 1 l distilled water. The pH values of all buffer solutions were controlled by pH meter.
Fourier Transform Infrared Spectra Measurements
Fourier transform infrared (FTIR) spectra were registered by infrared Fourier transform spectrophotometer (Thermo Nicolet Nexus FTIR, USA). For this purpose, the samples were ground in an agate mortar and pressed with KBr.
Nitrogen Adsorption Measurements
Specific surface areas and pore volumes were determined from low-temperature nitrogen adsorption data (automatic adsorption analyzer ASAP 2420, Micromeritics, USA). Before measurements, the samples were outgassed at 60 °C.
Thermogravimetric Analysis
The concentration of chitosan in the composite was determined by the thermogravimetric method on the derivatograph Q-1500 MOM (Hungary) with the computer data registration in the temperature range of 15-1000 °C. The heating rate of the samples was 10°/minute. The differential thermal analysis, thermogravimetric (TG) and differential thermogravimetric curves were recorded simultaneously.
Measurements of Equilibrium Concentrations
The investigations of adsorption properties of the obtained composite with respect to V(V), Mo(VI) and Cr(VI) oxoanions were carried out in the static mode with periodic hand stirring. For this purpose, 0.1-g sample of the synthesized adsorbent was allowed to react with 25 ml of solutions at different concentrations of the following salts: NH 4 VO 3 , (NH 4 ) 6 Mo 7 O 24 4H 2 O, (NH 4 ) 2 Cr 2 O 7 , which were prepared according to the procedure described in Korostylev (1964) . Photometric studies of equilibrium solutions were performed according to the methods described in Marchenko (1971) . Equilibrium concentrations of the investigated metals in solutions were determined using an SF-46 spectrophotometer (LOMO, Russia) in conjunction with a quartz cell of 10-mm path length.
Calculations
The adsorption capacity (q e ) was calculated using the formula
where c 0 is the concentration of initial solution, c e is the equilibrium concentration of metal, V is the volume of equilibrium solution and m is the mass of adsorbent.
The degree of adsorption (R) was calculated using the following formula:
where m 0 is the weight of the metal in the initial solution, m ads is the weight of the adsorbed metal and m is the weight of metal in the solution after adsorption equilibrium, which was calculated as follows:
where C is the equilibrium concentration of metal and V is the volume of equilibrium solution.
RESULTS AND DISCUSSION

Physicochemical Characteristics of the Composite
The CSS composite was synthesized by binding (covalent) chitosan on the aminosilica surface by aminomethylation (Mannich reaction). Aminosilica was obtained by modifying silica with 3-aminopropyltriethoxysilane in the toluene medium. During aminomethylation, formaldehyde in situ reacts with the part of active amino groups of aminosilica and mobile protons of the polymer (Omura et al. 2001; . The structure of CSS composite surface is schematically presented in Figure 1 .
To confirm the immobilization of chitosan onto the silica surface, FTIR spectroscopy was applied to characterize the initial chitosan, silica, aminosilica and CSS composite ( Figure 2 ). In the FTIR spectrum of chitosan, the band at 3429 cm −1 corresponds to the stretching vibrations O-H of hydroxyl groups bound with carbon atoms. Intensive absorption bands at 2800-3000 cm −1 are observed due to the C-O stretching vibrations. The band at 1580 cm −1 corresponds to the deformation vibrations of NH 2 ; additionally, the bands at 1420 and 1380 cm −1 correspond to the C-H binding vibrations, 1310 cm −1 to the asymmetric C-O-C stretching vibrations and 1080 cm -1 648
T.M. Budnyak et al./Adsorption Science & Technology Vol. 33 No. 6-8 2015 to the C-O stretching vibration of CH-OH. In the FTIR spectrum of aminosilica and silica, the bands at 3740 and 3660 cm −1 correspond to the stretching vibrations O-H of hydroxyl groups bound with silicon atom, and the bands at 1110 and 1130 cm −1 correspond to the stretching vibrations C-O of CH-OH groups. In the FTIR spectra of aminosilica, the band at 1565 cm −1 corresponds to the deformation vibrations of N-H in protonated amino groups. The FTIR spectrum of the synthesized composite showed a shift of the band at 1550 cm −1 , attributed to the N-H deformation vibrations, in comparison with the spectra of initial chitosan and aminosilica. An intensive absorbance at 1105 cm −1 represents the Si-O stretching vibrations. The band at 511 cm −1 corresponds to deformation vibrations of Si-O-Si. The thermogravimetric analysis of silica, aminosilica, chitosan and synthesized composite material was conducted to determine the concentration of immobilized chitosan on the surface of CSS composite (Figure 3 ). For the TG curve of chitosan, two decomposition temperatures can be found. The initial weight loss of 11% from room temperature (30 °C) to 190 °C corresponds to the release of adsorbed water. The second recorded decomposition region (190-1000 °C) completely applies to weight loss of chitosan. The TG curve of aminosilica confirms the higher weight loss of aminosilica (4.4%) than silica (1.3%) with increasing temperature. This could be because of large quantities of water adsorbed and the presence of grafted amino groups on the surface of aminosilica. The thermogravimetric curve of CSS composite is characterized by the decomposition region from 30 to 200 °C, which is similar to that of initial chitosan and corresponds to water desorption followed by decomposition of the organic part of composite. At the higher temperatures (200-1000 °C), the process of condensation and elimination of hydroxyl groups could also occur. At that temperature range, decomposition of chitosan was also confirmed by the increasing stretching vibration of C-O in the CO 2 molecule at 2350 cm -1 [ Figure 3 Comparing the results of thermogravimetric analysis and mass ratio of initial components used in the synthesis, the quantity of chitosan in the composite is found to be up to 100 mg/g. Figure 4 shows the nitrogen adsorption/desorption isotherms measured at 77 K for the CSS composite. The shape of the isotherm corresponds to the Langmuir isotherm, type III of the International Union of Pure and Applied Chemistry (IUPAC) classification. This type of isotherm indicates weak adsorbate-adsorbent interactions. According to the results of surface area and average pore diameter analysis, the CSS composite has the BET surface area of 115 m 2 /g and the average pore diameter of 37 nm; aminosilica and silica have BET surface areas of 137 and 112 m 2 /g and the average pore diameters of 36 and 40 nm, respectively.
Influence of pH on Adsorption
An investigation of adsorption properties of the synthesized composite started with determination of acidity of the medium needed for the highest removal of the studied ions. The degree of adsorption of V(V), Mo(VI) and Cr(VI) oxoanions on the CSS composite as a function of the medium acidity is presented in Table 1 . It was found that the most appropriate pH range for all studied oxoanions was from 2.5, formed by acetic acid, to the neutral pH. Thus, the degree of adsorption of molybdenum(VI) and chromium(VI) in such acidic medium was up to 90%. More than 75% of V(V) oxoanions could be adsorbed by the CSS composite in the pH range from 2.5 to 8. The decreasing extent of adsorption for all studied oxoanions was observed in the case of adsorption from strong acidic medium [formed by hydrochloric acid (pH 1.0)] and from the slightly alkaline solution (pH 8.0) formed by the ammonium acetate buffer. Thus, the synthesized composite showed significant adsorption activity with respect to the investigated ions in the different pH ranges, but the highest degree of adsorption was observed in the acidic medium. The values of medium acidity, at which the maximum adsorption activities of the CSS composite for each of the studied oxoanions were achieved, correspond to the published data of complexation conditions of these ions with amino groups of chitosan in solutions (Budnyak et al. 2014c; Guibal et al. 1998; Mahmoud et al. 2012 ).
Influence of Initial Metal Ion Concentration on Adsorption
Adsorption isotherms in the static mode (contact time 24 hours) for each ion were obtained for calculation of the values of the adsorption capacity of the synthesized composite and compared with the adsorption capacities of aminosilica, silica and partially cross-linked chitosan beads, which have been studied by Budnyak et al. (2014a-c) . In the neutral medium, the CSS composite quantitatively extracted vanadium(V) oxoanions with the initial concentration of 0.8 mmol/l ( Figure 5) , whereas in the acidic medium (pH 2.5, created by acetic acid), the CSS composite quantitatively adsorbed vanadium from the solution with the concentration of 0.24 mmol/l ( Figure 6 ). It was observed that by increasing the initial mass of vanadium, the degree of adsorption of vanadium(V) was decreased in the neutral (from 3.9 to 9.8 mmol/l) and acidic media (from 1.6 to 15.7 mmol/l).
It was found that in the acidic medium (pH 2.5, acetic acid), the CSS composite concentrates the mixture of ions MoO 4 2-, [Mo 6 O 21 ] 6-, [Mo 7 O 24 ] 6from solutions with metal concentration up to 2.9 mmol/l with the degree of adsorption from 93% to 99%; however, at the higher concentrations of metal (2.9-10 mmol/l), the degree of adsorption decreased from 99% to 56% (Figure 7) . In the neutral medium, the CSS composite quantitatively extracted molybdate ions MoO 4 2from solutions with metal concentrations up to 0.04 mmol/l, and at the higher concentrations of metal (0.4-6.25 mmol/l), the degree of adsorption decreased from 94% to 40%.
The highest amount of adsorption of chromium(VI) oxoanions was found in the neutral medium with the initial concentration of Cr(VI) up to 0.15 mmol/l. By increasing the initial concentration of chromium (from 0.8 to 4.6 mmol/l), the degree of adsorption of Cr(VI) was decreased from 80% to 40%. Experimental conditions are as follows: mass of adsorbent = 0.1 g; volume of solution = 25 ml; concentration of vanadium in the initial solution = 12 mg/l; concentration: of molybdenum in the initial solution = 40 mg/l and weight of chromium in the initial solution = 4 mg/l. by Mannich Reaction Figure 6 . Adsorption isotherms of V(V) oxoanions on silica (1), aminosilica (2) and chitosan-silica composite (3) at pH 2.5.
The obtained adsorption capacities of the CSS composite, partially cross-linked chitosan beads, aminosilica and silica with respect to V(V), Mo(VI), Cr(VI) oxoanions from solutions with different concentrations of metals are shown in Table 2 . The obtained data were analyzed using the Langmuir and Freundlich isotherms and the characteristic parameters for each isotherm were determined. The linear form of the Langmuir model can be expressed as (Langmuir 1916) c e /q e = c e /q 0 + 1/K L q 0 where c e is the equilibrium concentration of oxoanions (mg l -1 ), q e is the amount of oxoanions adsorbed on the chelating ion exchangers (mg g -1 ), q 0 and K L are the Langmuir constants related to the adsorption capacity (mg g -1 ) and the equilibrium constant (l g -1 ), respectively.
The adsorption equilibrium data were also applied to the Freundlich model (Freundlich 1906) logq e = logK F + (1/n)logc e where K F and n are the Freundlich constants related to the adsorption capacity and the adsorption intensity, respectively. Using the intercept and slope of c e /q e versus ce, K L and q 0 from the Langmuir model can be calculated. Analogously, the constants K F and 1/n of the Freundlich model can be obtained from the intercept and the slope of the linear plot of lnq e versus lnc e , respectively. Table 3 displays the coefficients of the Langmuir and Freundlich models along with regression coefficients (R 2 ). As can be seen from Table 3 , the R 2 values for both the Langmuir and Freundlich isotherm models were about 0.90, suggesting that both models closely fit the experimental results. However, the R 2 values indicate that the Langmuir isotherm fits the experimental data better than the Freundlich isotherm at room temperature. The RL values for V(V) and Mo(VI) at pH 2.5 and in distilled water and for Cr(VI) in neutral medium were found to be 0.327 and 0.284, 0.231 and 0.507, 0.336, respectively, at the initial concentration of 50 mg/l, suggesting that the adsorption of V(V), Mo(VI) and Cr(VI) onto the CSS composite was favourable. The saturation adsorption capacity of the monolayer (Q m ) values for Mo(VI) was higher than those of V(V) and Cr(VI), showing the following order: Mo(VI) > V(V) > Cr(VI). The higher saturation adsorption capacity of Mo(VI) may be due to the higher interaction activity with the CSS composite at acidic pH conditions.
Based on the Langmuir isotherm model, the maximum adsorption capacity of cross-linked chitosan (CS), aminosilica (SiO 2 NH 2 ) and silica (SiO 2 ) for molybdenum and vanadium ions were 384 and 86 mg/g; 16 and 245 mg/g, 46 and 2 mg/g, respectively. The high correlation coefficients suggested that the Langmuir model provides an excellent fit of the equilibrium adsorption data and can be applicable to describe the adsorption process.
Influence of Contact Time on Adsorption
According to the obtained results for all studied ions (Table 4) , the degree of adsorption consistently increases for several hours, but the maximum degree of adsorption of all studied ions by the composite surface is achieved when the adsorption characteristics are defined by interactions between the ions and the functional groups of supported chitosan, which is typical of polymeric adsorbents. 
CONCLUSION
The CSS composite was synthesized by aminomethylation (Mannich reaction). IR spectroscopy confirmed the immobilization of the chitosan on the aminosilica surface. According to the thermogravimetric analysis and theoretical calculations of reaction mixture, the obtained composite contains up to 10% of chitosan. The effects of various parameters, such as pH, contact time and initial concentration of the metal, on the adsorption of V(V), Mo(VI) and Cr(VI) oxoanions by the CSS composite were investigated in comparison with the initial compoundschitosan, aminosilica and silica. The results showed that the synthesized composite has better adsorption properties with respect to the studied ions than initial silica and amino-containing silica. In comparison with partly cross-linked chitosan, the obtained composite has lower adsorption capacity values. Nevertheless, it should be taken in the account that the obtained composite includes chitosan up to 100 mg/g. The maximum adsorption capacity of the CSS composite was 1.6 and 1.5 mmol/g at pH 2.5 for V(V) and Mo(VI), respectively, and 0.5 mmol/g for Cr(VI) in the neutral medium. It was shown that the synthesized composite extracted the studied metal ions for a day.
